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Use of ozonated water as a new therapeutic approach
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Abstract. Tumor hypoxia is a severe problem affecting tumor
therapy because it reduces the sensitivity of chemotherapy
and radiation therapy. Ozone has been known to improve
peripheral blood perfusion and oxygen partial pressure. The
effect of ozonated water on tumor hypoxia, alone and in
combination with an antitumor drug was studied in the present
study. Following intraperitoneal administration of ozonated
water to colon-26-bearing mice, the Hoechst 33342-positive
area and the intratumoral oxygen partial pressure was
significantly increased. The tumor growth rate was more
suppressed when ozonated water was combined with cisplatin
(CDDP) compared with CDDP treatment alone. The number
of Ki-67-positive cells significantly decreased, whereas the
number of TUNEL-positive cells significantly increased.
The present study showed that ozonated water increased
intratumoral blood perfusion and improved tumor hypoxia.
In addition, ozonated water increased the therapeutic effect
of CDDP. These findings, as well as previous reports, suggest
that tumor growth is suppressed after treatment with ozonated
water as the amount of CDDP reaching the tumor is increased
when the intratumoral blood perfusion is increased due to the
ozonated water. Thus, the administration of ozonated water
may be a new therapeutic approach to solve current concerns
regarding antitumor treatment.

Introduction

Ozone is an active form of oxygen, consisting of three oxygen
atoms generated from diatomic oxygen by ultraviolet light and
high voltage. Ozone gas is clear, colorless, and smells slightly
like grass (1). Ozone therapy has been receiving increasing
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attention in Europe and is known for its beneficial effects in
reperfusion injury, infections, and cancer (2).

Ozonated water is the liquid form generated when ozone
is dissolved in saline, which is much easier to handle than the
gaseous form. The safety and direct antitumor effect of ozon-
ated water have been previously described by us (3).

The primary form of ozone therapy is major autohemo-
therapy (MAH). In MAH, patient blood is mixed with ozone
gas before being retransfused. It has been known for its benefi-
cial effects in cardiovascular diseases, infections, cancer,
rheumatoid arthritis, and osteoarthritis (4).

Ozone gas is known to improve peripheral blood perfusion.
Ozone therapy in tumor patients improves intratumoral oxygen
partial pressure (4). Tumor hypoxia is a serious concern
affecting tumor therapy because it reduces the sensitivity
of chemotherapy and radiation therapy (5-8). Therefore, it
is expected to improve the sensitivity of antitumor therapy.
In clinical settings, the combination of radiation therapy
and MAH or rectal administration of ozone gas/oxygen gas
mixture has helped achieve the same effects as those obtained
by using a combination of radiation therapy and chemotherapy
in preventing the progression of head and neck cancer (9).
Reports related to chemotherapy mostly discuss side effects;
few reports discuss therapeutic effects (10-12). To the best of
our knowledge, no other study has discussed ozone therapy
using ozonated water. Therefore, a new approach using
ozonated water was examined to solve concerns around
antitumor treatment. In this report, we decided to study the
effect of ozonated water on tumor hypoxia, alone and in
combination with an antitumor drug.

Materials and methods

Preparation of ozonated water. The device producing ozonated
water was provided by Sakuragawa Pump Co., Ltd., (Osaka,
Japan). This device can produce ozonated water from O, and
water and can regulate the concentration of dissolved ozone.
In all experiments, the concentration of ozonated water was
208 uM and it was administered within 10 min of production.

Animals. BALB/c mice (4 to 5-week-old, female) were
purchased from CLEA Japan, Inc. (Osaka, Japan). All mice
were maintained under conventional conditions. The study
was performed according to the rules put down by the Tottori
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University. The use of these animals and the procedures
undertaken was approved by the Animal Research Committee
of Tottori University. All treatments were performed under
anesthesia, induced by the inhalation of 3-5% isoflurane; all
efforts were made to minimize suffering.

Preparation of the tumor-bearing mouse model. The mouse
cell line derived from the Colon 26 (RCB2657), the mouse
colorectal cancer model, was obtained from the RIKEN
BioResource Center (BRC) through the National Bio-Resource
Project of the MEXT (Ibaraki, Japan). The tumor-bearing
mouse model was prepared as described previously, with
slight modification (13). In brief, 1x10° cells (1x107 cells/ml)
were subcutaneously injected into the dorsal region of BALB/c
mice. Mice whose tumors grew to a diameter of 7-10 mm were
included in the study.

Measurement of intratumoral oxygen partial pressure. Mice
were randomized into two groups: Sterile saline (S) group
and ozonated water (O;) group (n=5 per group). Oxygen and
indifferent electrodes (Bio Research Co., Nagoya, Japan) were
inserted into the center of the tumor. After intraperitoneal
administration of sterile saline or ozonated water (0.2 ml/head),
intratumoral oxygen partial pressure was measured by
polarography (Bio Research Co.), every 10 min immediately
after administration up to 150 min.

Measurement of blood gas. Blood samples were collected
after administration of sterile saline or ozonated water, and
blood gas was measured using at 0, 10, 30, 60, and 120 min
after administration.

Evaluation of intratumoral blood perfusion. Eighty min after
administration of sterile saline or ozonated water, 30 mg/kg
Hoechst 33342 (H33342) dissolved in phosphate-buffered saline
(PBS) was administrated intravenously. After 4 min, the mice
were euthanized by cervical dislocation under anesthesia
induced by the inhalation of 3-5% isoflurane. The tumors were
embedded in an optimal cutting temperature (OCT) compound.
The cryostat sections (10 mm) were fixed in acetone for 5 min
at 4°C. These sections were analyzed by fluorescence micros-
copy. The percentage of positive areas in the tumor tissues was
calculated by dividing the total pixel area of the positive areas
by the total pixel area corresponding to the entire tumor tissue
in the field of view. The mean scores for 25 fields were used as
the percentages of positive areas per group.

Effect of ozonated water and cisplatin (CDDP) in
combination, on colon-26 mice. For this experiment, the
mice were randomized into six groups (n=8 per group):
Sterile saline (S) group, ozonated water (O;) group, sterile
saline and 5.0 mg/kg CDDP group (S-CDDP5.0), ozonated
water and 5.0 mg/kg CDDP group (O;-CDDP5.0), ozonated
water and 3.4 mg/kg CDDP group (O;-CDDP3.4), and
ozonated water and 1.7 mg/kg CDDP group (O;-CDDP1.7).
The volume of these tumor tissues was calculated as follows:
(mediastinum x transverse line x depth x 7)/6 (mm?). Then,
CDDP (5.0, 3.4, 1.7 mg/kg) and saline or ozonated water
(0.2 ml/head) were intraperitoneally administered to the
S-CDDP5.0, O;-CDDP5.0, O;-CDDP3.4, and O;-CDDP1.7
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groups. In the S and O; groups, only sterile saline or ozonated
water was administered. On day 7, the volumes of the tumor
tissues were calculated and the mice were euthanized by
cervical dislocation under anesthesia as described before.
Based on the tumor volumes on days 1 and 7, the tumor
growth rates were calculated as follows: (tumor volume on
day 7-tumor volume on day 1)/7 (mm?®/day). The tumors were
fixed in 10% buffered formalin.

Ki-67 staining. Tissue sections (3 ym) obtained on glass
slides were deparaffinized, washed with ethanol and water,
and soaked in PBS. The sections were autoclaved with 0.01 M
citrate buffer (pH 6.0) for 15 min (121°C). The sections were
then washed with PBS and incubated with the rabbit polyclonal
anti-Ki-67 antibody (1:50; E0468; Dako, Glostrup, Denmark)
for 30 min at room temperature. After washing with PBS, the
sections were incubated with rat anti-IgG antibody (1:100;
sc-372; Vector Laboratories, Inc., Burlingame, CA, USA) for
30 min at room temperature. The slides were washed with
PBS and stained using the ABC method (PK-4000; Vector
Laboratories, Inc.) for 30 min. Cell counts in 25 random fields
were calculated at a magnification, x400 by using five mice
from each group.

TUNEL staining. Tissue sections (3 ym) obtained on glass
slides were deparaffinized, washed with ethanol and water,
and soaked in diluted water. TUNEL staining was performed
using the in-situ Apoptosis Detection kit (Takara Bio, Inc.,
Shiga, Japan), according to the manufacturer's instructions.
Cell counts were calculated as described in the previous
subsection.

Statistical analysis. Data are expressed as the mean + stan-
dard (SD) or standard error (SE). Statistical analyses were
first performed using F-test or analysis of variance (ANOVA)
and compared using the Student's t-test or Tukey-Kramer test.
P<0.05 or 0.01 indicated statistical significance.

Results

Effect on blood gas and intratumoral oxygen partial pressure.
Before and after the administration of O, or sterile saline, no
apparent change was noted in the blood gas levels (Table I). No
significant difference was noted between the O; and S groups.

In the S group, there was no apparent change in the
intratumoral oxygen partial pressure. However, the partial
pressure in the O; group significantly increased compared to
that in the S group at 20 min after administration (Fig. 1). It
peaked at 50 min after administration and gradually decreased
afterward. At 130 min after administration, no significant
difference was noted between the O; and S groups.

Effect on intratumoral blood perfusion. The intratumoral
blood perfusion in the O; group increased compared to that in
the S group (Fig. 2). The H33342-positive area was 12.3+3.2%
in the S group and 25.6+4.6% in the O, group. There was a
significant difference between the two groups (P<0.05).

Effect of ozonated water and CDDP in combination. Tumor
growth was significantly suppressed in the O;-CDDP5.0 group
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Table I. Effect of ozonated water on blood gas.
A, Effect in O; group
Time (min) pH pCO, (mmHg) pO, (mmHg) HCO; (mmol/l) sO, (%)
0 7.335+0.03 38.9+4.5 56+4.7 20.7+£1.2 87+4.6
10 7.276+0.04 38.6+4.9 53+4.3 20+0.6 85+4.8
30 7.277+0.03 38.1+5.0 59+5.2 19+1.0 87+5.8
60 7.339+0.02 36.9+4.3 54+4.6 21+0.8 86+3.8
120 7.323+0.03 42.4+4 .5 64+4.8 23+1.3 90+5.2
B, Effect in S group
Time (min) pH pCO, (mmHg) pO, (mmHg) HCO; (mmol/l) sO, (%)
0 7.347+0.03 39.2+6.7 573+54 19.6+1.3 83+3.9
10 7.336+0.02 39.7+3.7 46+6.3 19.9+0.5 78.6+5.3
30 7.324+0.04 393443 55+4.6 20.5+0.7 86+4.6
60 7.382+0.03 352454 51+42 20.5+0.6 85+5.3
120 7.229+0.02 479+4 4 58+4.2 23.5+0.8 87+4.9
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Figure 1. Effect of ozonated water on the intratumoral oxygen partial
pressure. This graph shows the change in the intratumoral oxygen partial
pressure after intraperitoneal administration of ozonated water or saline.
‘Diamond’ indicates the group administered sterile saline (S) and ‘cKross’
indicates the group administered ozonated water (O5). Data are shown as the
mean =+ standard deviation. "P<0.05 or “P<0.01 vs. saline (obtained by using
t-test) indicates significant difference.

compared to that in the S and O; groups (P<0.05) (Fig. 3). A
statistically significant difference was not observed between
the S-CDDP5.0 and O;-CDDP5.0 groups. However, tumor
growth in the O;-CDDP5.0 group tended to be suppressed,
compared to that in the S-CDDP5.0 group. In the O;-CDDP3.4
group, despite reducing the concentration of the antitumor
drug, tumor growth suppression was observed, which was
comparable to that observed in the S-CDDP group.

In the O;-CDDP5.0 group, the number of Ki-67-positive
cells significantly decreased, compared to that in the other
groups (Fig. 4). The number of Ki-67-positive cells in the
0;-CDDP3.4 and S-CDDP groups significantly decreased,
compared to that in the S, O;, and O;-CDDP1.7 groups.

There was no statistically significant difference between the
S-CDDP5.0 and O;-CDDP3.4 groups.

In the O5-CDDP5.0 group, the number of TUNEL-positive
cells significantly increased, compared to that of the other
groups (Fig. 5). The number of TUNEL-positive cells in the
0;-CDDP3.4 group significantly increased, compared to that
in the S and O, groups. No statistically significant difference
was observed among the S-CDDP5.0, O;-CDDP3.4, and
0;-CDDP1.7 groups.

Discussion

In the present study, the intratumoral blood perfusion was
found to have increased and the intratumoral oxygen partial
pressure was found to have improved after intraperitoneal
administration of ozonated water. To the best of our knowledge,
such effects of ozonated water have not been reported thus far.
Further, when ozonated water was used in combination with
CDDP, the antitumor effect of CDDP was enhanced. Most
studies related to chemotherapy discuss side effects; very few
reports discuss therapeutic effects (10-12). The findings of this
study can be considered extremely important evidence with
respect to the use of ozonated water.

When the ozonated water was intraperitoneally
administered, no apparent change was noted in the blood
gas levels. However, the intratumoral oxygen partial pressure
significantly increased. These results indicate that ozonated
water increases intratumoral oxygen partial pressure
without affecting blood gas levels. Ozone gas is known to
improve peripheral blood perfusion owing to its vasodilating
effect (14,15). When the extent of intratumoral blood perfusion
was evaluated by H33342, a significant increase was noted in
the O, group. Tumor hypoxia generally progresses because of
reduction in the intratumoral blood perfusion caused by an
imbalance between the tumor growth rate and tumor blood
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Figure 2. Effect of ozonated water on intratumoral blood perfusion. (A) H33342-positive area in each group: sterile saline (S) and ozonated water (O;) groups.
Scale bar: 50 #m. (B) Quantitative value of the H33342-positive area. Data are shown as the mean + standard deviation. "P<0.05 as indicated, obtained by using

t-test, indicates significant difference.
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Figure 3. Effect combining ozonated water with CDDP on tumor growth
rate. The graph shows the tumor growth rate for each group: Sterile
saline administration (S) group, and ozonated water administration
(O;) group, administration of sterile saline and 5.0 mg/kg CDDP group
(S-CDDP5.0), administration of ozonated water and 5.0 mg/kg CDDP group
(O;-CDDP5.0), administration of ozonated water and 3.4 mg/kg CDDP
group (O;-CDDP3.4), administration of ozonated water and 1.7 mg/kg CDDP
group (O;-CDDP1.7). The data show the mean + standard error. Significant
differences are shown by "P<0.05 as indicated using Tukey-Kramer test.

vessel formation rate (16,17). This result indicates that ozonated
water as well as ozone gas increase peripheral blood perfusion.
In addition, it indicated that the increase in the intratumoral
oxygen partial pressure might be due to the increase in
intratumoral blood perfusion. Oxidation as well as activation
of antioxidant enzymes are caused by the administration of

ozone. When active oxygen is removed by superoxide dismutase
(SOD), hydrogen peroxide (H,0,) is produced. H,O, is involved
in vasodilation as an endothelium-derived hyperpolarizing
factor (EDHF), one of the endothelium-derived vasorelaxation
factors (18). Therefore, it has been thought that ozone extends
the peripheral vessels by means of H,0, and increases
peripheral blood perfusion (14). Ozonated water is likely to
increase blood perfusion by a similar mechanism. However,
the underlying mechanism needs to be studied further. In
addition, the changes in peripheral blood perfusion in normal
tissues warrant further study.

Tumor hypoxia is a serious problem for tumor treatment
because it reduces the sensitivity to chemical, radiation, and
photodynamic therapy (5-8,16). The reasons for resistance
to chemotherapy include cell cycle arrest (19,20), acquisition
of antiapoptotic activity by inhibition of apoptosis-inducing
proteins such as Bid and Bax (21,22), and reduction in the
amount of drug reaching the tumor because of decreased
blood flow (8).

The rate of tumor growth in the O;-CDDP5.0 group tended
to decrease compared to that in the S-CDDP5.0 group. In
addition, the number of Ki-67-positive cells significantly
decreased and the number of TUNEL-positive cells
significantly increased in the O;-CDDP5.0 group compared
to that in the S-CDDP5.0 group. CDDP exerts an antitumor
effect by inducing apoptosis and suppressing tumor growth
by inhibiting deoxyribonucleic acid (DNA) synthesis (23).
Therefore, the results of Ki-67 and TUNEL staining suggested
that the effect of CDDP was enhanced by the administration
of ozonated water. The antitumor effect of CDDP depends
on the amount of CDDP reaching the site of tumor rather
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Figure 4. The effect combining ozonated water with CDDP in Ki-67 staining. (A) The graph image shows the Ki-67 positive area for each group: Sterile saline
administration (S) group, and ozonated water administration (O5) group, administration of sterile saline and 5.0 mg/kg CDDP group (S-CDDP5.0), administra-
tion of ozonated water and 5.0 mg/kg CDDP group (O5;-CDDP5.0), administration of ozonated water and 3.4 mg/kg CDDP group (O;-CDDP3.4), administration
of ozonated water and 1.7 mg/kg CDDP group (O;-CDDP1.7). Scale bar, 500 ym. (B) The graph shows the number of the Ki-67 positive cells. The data show
the mean =+ standard error. Significant differences are shown by P<0.01 ("P<0.01 vs. S; P<0.01 vs. Oj; *P<0.01 vs. S-CDDP5.0; *P<0.01 vs. O;-CDDP3.4;
9P<0.01 vs. O,-CDDP1.7) using Tukey-Kramer test.
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Figure 5. The effect combining ozonated water with CDDP in TUNEL stainig. (A) The images show the TUNEL positive area for each group: Sterile saline
administration (S) group, and ozonated water administration (O;) group, administration of sterile saline and 5.0 mg/kg CDDP group (S-CDDP5.0), administra-
tion of ozonated water and 5.0 mg/kg CDDP group (O;-CDDP5.0), administration of ozonated water and 3.4 mg/kg CDDP group (O;-CDDP3.4), administration
of ozonated water and 1.7 mg/kg CDDP group (O;-CDDP1.7). Scale bar, 500 gzm. (B) The graph shows the number of the TUNEL positive cells. The data show
the mean + standard error. Significant differences are shown by P<0.01 (‘P<0.01 vs. S; "P<0.01 vs. O;; *P<0.01 vs. S-CDDP5.0; P<0.01 vs. O,-CDDP1.7) or
P<0.05 (*P<0.05 vs. O,-CDDP3.4) using Tukey-Kramer test.
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than the proliferation activity of tumor cells (24,25). These
findings as well as previous reports suggest that tumor growth
is suppressed on treatment with ozonated water because the
amount of CDDP reaching the tumor is increased when the
intratumoral blood perfusion is increased because of ozonated
water. We plan to measure the concentration of intratumoral
antitumor drug in the future and investigate in detail.

In recent years, it has been reported that the inhibition
of apoptosis-inducing protein is associated with resistance
to platinum-based drug preparations (21). However, it is
unknown whether those proteins are involved in the resistance
mechanism. It might not affect protein expression because
the increase in oxygen partial pressure observed in this study
occurred only 2 h after the administration of ozonated water.
In order to clarify the mechanism, the genes and proteins
related to hypoxia and apoptosis need to be studied further.

The O;-CDDP5.0 group showed tumor growth suppression,
to almost the same extent as that observed in the S-CDDP5.0
group. This suggests that it is possible to reduce the required
drug concentration, while maintaining the antitumor effect, by
using ozonated water and general chemotherapy in combina-
tion. We intend to conduct detailed studies on other drugs and
tumor types in the future.

The present study showed that ozonated water increases
intratumoral blood perfusion and improves intratumoral
oxygen partial pressure. In addition, tumor growth was more
suppressed when ozonated water and CDDP therapy were
combined. Thus, the administration of ozonated water could
be a new approach to solve current concerns around antitumor
treatment, such as tumor hypoxia and drug resistance of
tumors.
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